The service life of components can be extended by repairing fatigue crack with laser so as to improve resource utilization rate. However, the effect of laser repair may be influenced by the instability of laser treatment. To investigate the addition of nanocomposites on the laser repairing effect, fatigue test under uniaxial tension was carried out to evaluate the fatigue life of precracked 304 stainless steel components repaired by laser. According to the results obtained from fatigue tests, a probabilistic fatigue life distribution model considered the sampling size and discreteness of data was established based on the three-parameter Weibull distribution model and three-parameter stress-life equation. The results of probabilistic fatigue life distribution model show that the fatigue life of components repaired by laser with addition of WC nanocomposites can be enhanced significantly, especially the high cycle fatigue life. Moreover, the microstructure of repaired region show that the WC nanoparticles could refine the recrystallized grains and lead to the improvement of strength and toughness of material around crack tip, which are the main reason of improved fatigue life. Meanwhile, smooth surface of repaired region caused by WC nanoparticles can also prevent the initiation of microcracks.
Introduction
The fatigue failure of components under cyclic loading consists of two phases including the crack initiation and extension to ultimate fracture. The initiation of cracks occupies a large part in the process of fatigue failure, which has a significance influence on fatigue life of components. For cracked components, taking certain measures to suppress the further extension of cracks can prolong the service life of components. It has a positive effect on improving resource utilization rate and environmental protection. At present, there are many methods can be used to suppress crack propagation, including stop-crack holes, penetration composite materials, bonding repair of composite materials, welding repair etc [1] . Many studies have shown that laser peening (LP) can remarkably enhance the fatigue strength of alloys [2] [3] [4] [5] . Ren et al. [6] investigated the mechanical properties of 00Cr12 alloy at high temperatures altered by laser shock processing (LSP). The results show that compressive residual stress introduced by LSP has a significant effect on fatigue enhancement. Zhang et al. [7] investigated the order of magnitude diminution in the fatigue crack growth rates of an epoxy system with addition of a small amount of carbon nanotubes. The pullout carbon nanotubes bridges the crack interface and can cause the crack to be arrested. Jiang and Jiang [8] carried out the laser repair experiments of cracked 304 stainless steel (304SS). The experimental results showed that the COD (Crack Opening Displacement) of compact tension specimen repaired by laser with addition of nanocomposites reduced to a certain extent. Meso-damage mechanics show that the internal structure of the material has random distribution behavior, such as lattice defects, impure atoms, size of sliding crystals, grain boundary parameters, macro porosity, crack and machining defects [9, 10] . Therefore, the internal damage of material is random. There are various random factors in the process of nucleation, growth and coalescence of microcracks, which result in the dispersion of fatigue life. As a scientific method of structural fatigue life assessment, the fatigue reliability analysis based on probability S-N curve is widely used in engineering. This analysis method is mainly based on random concepts and statistical methods to study the distribution law of fatigue life under a specific survival probability [11] [12] [13] . The probabilistic stress-life curve is constructed base on the qualitative S-N relation model such as Basquin equation, three parameter equation and Langer equation. The conventional maximum likelihood method are also used to establish the reliability statistical model of grouped or all fatigue life data related to the load level [14] . The S-N relation model considered the dispersion rule and error risk is usually referred to as probabilistic fatigue P-C-S-N curve related to survival probability P and confidence C [10] . The main statistical methods for sample data include logarithmic distribution, normal distribution, Weibull distribution etc.
In order to study the effect of WC nanoparticles on fatigue crack initiation and improvement of fatigue life, the fatigue test of compact tension specimen repaired by laser was first carried out and the required cycles for crack initiation was recorded. Then, the fatigue life distribution model of laser repaired compact tension specimen (CT) was established based on probabilistic S-N curves in which the three-parameter Weibull distribution model was applied to statistics of sample data. The confidence limit analysis was adopted to ensure the rationality of fatigue life distribution model. Finally, combined with the microstructure of repaired area, the mechanism for extending fatigue life of laser repair with addition of WC nanocomposites was analyzed in terms of grain boundary strengthening. The probabilistic fatigue life distribution models obtained by reliability design method can provide reference for the assessment of fatigue performance of cracked component repaired by laser.
Material and Experiment Methods

Experiment material
The 304 stainless steel (304SS) is widely used in chemical industry, automotive, and nuclear industries for reactor coolant piping, marine region, value bodies, and vessel internals due to its outstanding mechanical properties and it can be easily formed and welded. The 304SS was used to make CT specimen. The chemical composition 304SS is listed in Table 1 . The CT specimen was designed in accordance with ASTM E647-2013a Standard Test Method for Measurement of Fatigue Crack Growth Rates [15] , as shown in Figure 1 . The nanocomposite powder used in the repairing experiment is composed of nano WC particles and 304SS particles and their mass fraction are 5% and 95%, respectively. Powder ingredients of 304SS are selected similar to those of the specimen, as listed in Table 1 . The size of WC particle is about 50nm and the size of 304SS particle is about 30-50μm. The morphology of these two powders can refer to reference [8] . To prevent agglomeration of nano WC particles in the preparation of mixed powders, all powders were blended and milled by using ceramic mortar at room temperature and anhydrous alcohol was added as dispersant. The milling was finished when the anhydrous alcohol evaporates completely and repeat this operation to ensure a uniform dispersion. 
Experiment methods
The DL-HL-T5000B type transverse flow CO2 laser with the power of 5kW was used in laser repair experiments. The processing parameters of laser in the repair experiment are as follows: laser power is 1800W, the laser beam spot is 3mm, and the defocus distance is 10mm. Before the laser repair experiment, the sandpaper with a granularity of 400-2000 was used to polish the surface of repaired region to remove oxide layer and the surface was cleaned with anhydrous ethanol. Then the dried composite nano powder with a thickness of 1mm was preset on the repair region.
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As shown in Figure 2a , MTS 810 Material Test System was employed in fatigue test, the frequency is 20Hz and the load ratio is 0.1. Only one side of the sample was repaired by laser, another side was used to check fatigue failure of specimen. The fatigue failure criterion is the initiation of micro cracks with a length of 1.5mm at the tip of prefabricated crack, as shown in Figure 2b . The length of crack is measured by a measuring microscope and 10 sets of test were conducted at each load level. The fatigue life corresponding to crack with a length of 1.5mm may not be measured directly, so it was obtained by linear interpolation of two adjacent measuring data of which the crack length are greater than and less than 1.5mm, respectively. 
The Establishment of Probabilistic S-N Curves
Distribution model of fatigue life
Assuming that the fatigue life N at any load level ca S obeys the statistical model of three parameters Weibull distribution, the expression is ( )
is the failure probability; µ is position parameter, that is, the threshold value of failure; m is shape parameter, which are used to describe the dispersivity of measured data; σ is scale parameter related to the average value of measured data.
Twice logarithmic transform was carried out to rearrange the Equation 1, as shown in the following Equation 2.
( )
If the confidence C related to the sample size s n was considered, the probabilistic fatigue life can be determined by Equation 3 after the point estimation of fatigue life N and corresponding Weibull statistical parameters including m , µ and σ were obtained. 
in which, P C N − is fatigue life with a specified P-C set;
is a statistical function of error of Equation 3 describing the test data ca S -N at a confidence of C.
Generalized description of probabilistic S-N curves
The Langer, Basquin and three parameter stress-life models can be unified as 
By considering the statistical effect related to the size n and dispersion of fatigue life N, the probability fatigue ( )
where P C − is combined survival probability and confidence set; P C β − , P C α − and .
Cumulative probability density function ( )
of fatigue lifetime datum k x is the failure probability of k th datum. So, its reliability can be expressed as ( )
. Reliability can be estimated by medium rank method via Equation 8. 
The value of µ can be estimated by one-dimension search method and the searching interval can be determined according to the desired accuracy. Normally the value range of µ is [ ) 
where the ' P is calculated by the Equation 1 in which the parameters are obtained via current fitting. Figure 3a and Figure  3b are showing the test results of change of correlation coefficient with the location parameter of this paper. Through comprehensive analysis of results shown in figures, we can conclude that the position parameter has a certain effect on the fitting error of most data and the fitting error can be reduced by using the one-dimensional search method. 
Parameters determination of confidence
According to the method proposed by Zhao and Liu [16] , the confidence interval of probabilistic fatigue S-N curve can be determined, the statistical error function ( ) ( ) 
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in which
. When the constant of the Weibull distribution model were determined, the value of P C N − can be estimated by Equation 3. Parameters A and B can be estimated by least squares fitting as described in Section 3.4. Then, the material constants P C α − and P C β − can be determined accordingly. The value of , 0 P C S − can also be determined by one-dimensional search method to ensure the maximum correlation coefficient could be obtained.
Test Results and Discussion
The results of fatigue test are given in Table 2 . There are five load levels. The number of samples under each load are ten. RLO denotes the specimen was repaired by laser only, RLWNP denotes the specimen was repaired by laser with the addition of nanocomposite powder. According to the method mentioned in Section 3.3, the fatigue life samples under each load level follows the three parameter Weibull distribution and corresponding parameters can be determined, as shown in According to the method described in Section 3.5, we can determine the probability S-N curve under specified confidence C and survival probability P and related material parameters are given in Table 4 . Table 4 . Parameter values of S-N curves.
Confidence
C (%)
Probability
P
Confidence limit Results of the present probabilistic S-N model are given in Table 4 . The probabilistic S-N curves can reveal the statistical effect of sample size and dispersion. Take one set of data as an example, test data and probabilistic S-N curves with C=99% at specified P levels are exhibited in Figure 4 . The results show that the fatigue life of specimen repaired by laser with addition of nanocomposite powder is higher than the fatigue life of which repaired by laser only regardless of probability level. However, with the load amplitude increases, the improvement of fatigue life is no longer obvious. It means that laser repair with addition of nanocomposite powder has a more significant effect on improving the life of high cycle fatigue. Meanwhile, the dispersion of test data also needs to be noticed, which reveal the instability of laser processing. When the metal heated by laser is molten, the flow of molten metal in the molten pool makes the microcracks heal. In the process of metal solidification, the solidification of metal in high temperature molten pool was accelerated by the thermal conduction of substrate that results in the decrease of size of recrystallized grain, which can be obtained through the comparison of results shown in Figure 5b and Figure 5c . According to the Hall-Petch relation [17] , the strength of alloy would be improved with the decrease of grain size. As the grain boundary will hinder the dislocation movement and reduce the stress concentration in the crystal, which would lead to the improvement of strength and toughness, that is, grain boundary strengthening [18] . The experimental results also showed that the specimen repaired by laser would lead to a rough surface of repaired region which may promote the initiation of microcracks, as shown in Figure 5d . However, the undissolved WC nanoparticles with high melting point can provide heterogeneous nucleation sites in the process of rapid solidification, which would result in a microstructure with uniform and fine equiaxial grains [19] , as shown in Figure 5a . In addition, the use of nanoparticle additives in 304SS powders accelerates the diffusion of atoms and decreases the activation energy needed for densification, which would lead to high density and smooth surface and consequently resulting in enhanced fatigue life of specimens [20] . With the further increase of external load, the stress concentration at the crack tip would cause obvious plastic deformation in the vicinage of crack tip. However, the size of the repaired area as well as the ability of material to resist plastic deformation are limited, so the effect of laser repairing on the improvement of low cycle fatigue life is not obvious.
Conclusion
In this paper, the fatigue property of 304SS CT specimen repaired by laser was investigated. According to the fatigue test results, the probability S-N curve considered the sampling size and scattered was established to evaluate the fatigue life of components. The results analysis show that the fatigue life of components repaired by laser with addition of nano WC composite powders was superior to the fatigue life of which repaired by laser only, in particular the improvement of high cycle fatigue life. The microstructure of repaired region also showed that the addition of nano WC composite powders will refine the recrystallized grain and result in the improvement of strength and toughness of material around crack tip. Meanwhile, the WC nanoparticles would promote the densification process and consequently increase the density, result in enhanced fatigue property. The smooth surface of repaired region caused by WC nanoparticles can also prevent the initiation of microcracks.
